Abstract. Observations of the Vela pulsar (PSR B0833−45) with the High Energy Stereoscopic System phase II array (H.E.S.S. II) have resulted in a high-significance detection of its pulsed emission down to 20 GeV. The very low-energy threshold reconstruction and analysis methods developed specifically for the monoscopic mode are presented together with detailed comparison of the results obtained with five years of Fermi-LAT data. A very good agreement is obtained between the two instruments, thereby validating the overall analysis chain and the response model of the largest H.E.S.S. telescope (CT5). The high event statistics are used to probe the spectrum of PSR B0833−45 above 20 GeV.
Introduction
The H.E.S.S. array of imaging atmospheric Cherenkov telescopes (IACTs), located in the Khomas Highland of Namibia (1800 m), was upgraded in 2012 with the addition of a 28 m equivalent diameter telescope (CT5) to its core array of four 12 m diameter telescopes (CT1-4). The aim of this upgrade, referred to as H.E.S.S. II, is to bridge the gap with satellite-based γ-ray instruments by pushing the energy threshold of the array from above 100 GeV to below the standard analysis threshold. In order to attain the lowest possible threshold, the trigger system of the initial array was modified such as to keep events where CT5 triggers, regardless of the state of other smaller telescopes. For those events, referred to as monoscopic, a new reconstruction technique has been developed. The Vela pulsar, PSR B0833−45, i.e. the brightest pulsar in the GeV sky, was one of the prime targets in the commissioning period of H.E.S.S. II, during which 24 h of good quality data at zeinth angles smaller than 40
• was taken (data set I, below). The second peak of PSR B0833−45, P2, was subsequently detected with an excess count of 9789 events, at a significance level greater than 12 σ when using a simple likelihood ratio test [10] within the predefined phase range [0.5-0.6], and of 15.2 σ when evaluated with the H-test [6] .
To probe the performance of CT5 near its detection threshold energy, results from this data set were compared to expectations from detailed Monte Carlo (MC) simulations of the instrument, for which the γ-ray spectrum above 10 GeV of PSR B0833−45 was used as input signal. This spectrum was obtained from analysis of 5 years of Fermi-LAT data. In a second step, an additional data set of 16.3 h from normal operations (data set II) was added to the commissioning data to study the phase profile and the spectrum of the Vela pulsar in the H.E.S.S. II and Fermi-LAT overlapping energy range. The overall excess for the whole data set (40.3 h) amounts to 15835 events, corresponding to a significance level of 15.6 σ (17.9 σ with H-test). The lightcurves obtained from the two instruments are shown on On-phase intervals for P1, P2 and P3 are shown in gray; the Off-phase interval is shown as a hatched area. To compute the pulsar phase, selected events were folded using the Tempo2 Fermi plugin, ephemerides provided by LAT Gammaray Pulsar Timing Models [12] covering Fermi-LAT and H.E.S.S. II observations.
H.E.S.S. II monoscopic data analysis
An event-based reconstruction pipeline, aiming at the lowest threshold energy, was developed to estimate the shower direction, impact distance and energy. The shower reconstruction algorithm assumes that its direction lies on the major axis of the image and that, for point-like source of known position, e.g. pulsars, it points toward the inner part of the camera. MC-based studies have shown that this provides a better angular resolution at the lowest energies, at the expense of a slightly higher background. Finally, the direction is derived using an estimate of the angular distance of the image barycenter to the source position, δ, which is obtained thanks to a Neural Network (NN) based on the image length, λ, width, ω, and charge, Q. The shower impact distance, ρ, and energy estimators rely also on NNs using image parameters. To avoid the smearing of the energy estimator by the impact distance error, the true value, ρ true , is used during the NN training process. The event direction reconstruction achieves a Point Spread Function (PSF) of 68% containment radius R 68 = 0.3
• , when evaluated for a power law of index Γ = 2.0 in the range from 5 to 120 GeV, at 20
• zenith angle. The PSF does not vary much with the index, e.g., R 68 = 0.32
The energy estimator has a large bias near the threshold, e.g., 50% at 20 GeV, but improves with increasing energy (see Fig. 2 ). The integrated dispersion for a power-law of index Γ = 2.0 is ln(E rec /E true ) = 43% with a bias of ∼ 3%. The performance for a steeper spectrum of Γ = 4.0 degrades to 50% and 41% for the dispersion and bias, respectively.
To reject the background, in addition to the spatial cut on the reconstructed angle of the events with respect to the source position, a Boosted Decision Tree (BDT) classifier 1 , in the same spirit as that for the H.E.S.S. I array [5] , is used. The input parameters of the classifier consist of the above-mentioned image shape parameters, λ and ω, together with additional physical parameters of the shower, i.e. the maximum depth in the atmosphere, length and width, obtained from a 3D Gaussian-model fit of the its photosphere [9] . The analysis cuts were optimized to yield a large effective area near threshold, e.g., 4.5×10 3 m 2 at 20 GeV (see Fig. 2 ), at the cost of a reduced γ-background separation. A total charge cut Q min = 30 p.e. and a BDT discrimination value of ζ = −0.1 result in a background rejection factor of 70%, while keeping 95% of the signal. Further separation power is obtained through a selection in pulsar phase, with intervals defined a priori using the Fermi-LAT light curve (see Fig. 1 ). An alternative analysis pipeline, using a different approach based on a semi-analytical model of electromagnetic particle showers in the atmosphere [7] , was used to cross-check the results reported here on the signal and the phasogram, and yielded consistent results. 
Commissioning of CT5 using the Vela pulsar as test-beam
The spectrum of the pulsar's P2 peak above 10 GeV was input to extensive MC simulations of CT5 in order to derive the expected signal from H.E.S.S. II data set I and check the instrument response model. The spectrum was derived thanks to 60 months of Fermi-LAT data, from August 4, 2008, to July 26, 2013, using P8 Source class events and P8R2 SOURCE V6 Instrument Response Functions (IRFs). A simple power law fit to the data resulted in an spectral index of Γ = 4.1 ± 0.1 stat ± 0.05 sys with normalisation Φ 0 = 4.1 ± 0.2 stat ± 0.3 sys × 10 −8 TeV −1 cm −2 s −1 , at a reference energy E 0 = 25 GeV (see Fig. 4 ). Testing the Fermi-LAT data for curvature above 10 GeV with a log-parabola model yielded a 2.7σ preference for curvature. A simple power-law model was hence considered as best describing the P2 spectrum in the energy range overlapping with H.E.S.S. II, independent from the lower-energy part of the emission. This resulted in a MC expected number of γ-ray events for H.E.S.S. II of N MC = 11697 ± 675, in good agreement with the measured excess, N exp = 9789 ± 787. Although the deviation of 1908 ± 1037 events, corresponding to a ratio η = N exp /N MC = 0.84 ± 0.08, is of low statistical significance ( 2σ), it might point to systematic errors in the CT5 effective area and/or a difference between the energy scales of the two instruments. Figure 3 shows the comparison of the reconstructed angle (θ 2 , left) and energy distributions (right) between data and MC simulations. The latter have been weighted so as to represent the power law fitted to the Fermi-LAT data and scaled to correct for η. When investigating the simulated true-energy distribution (shown in blue on Fig. 3, right panel) , a significant overlap in energy range can be inferred between H.E.S.S. II in monoscopic mode and Fermi-LAT. Indeed this distribution peaks at 20 GeV with more than 40% of events lying below this energy. The agreement between the real and simulated distributions validates the overall analysis pipeline and the MC model of the instrument response down to its threshold.
P2 Energy spectrum above 20 GeV
The energy spectrum of P2 was subsequently derived with the H.E.S.S. II data above an energy of 20 GeV. The spectrum reconstruction pipeline is based on a forward-folding maximum likelihood fitting procedure for a priori chosen spectral models [11] . It was validated by reconstruction of 150 MC-generated power-law spectra with index Γ = 4.0, where background events were included with a signal-to-noise ratio similar to that of the real data.
The fit of a simple power law in the energy range 20-110 GeV results in an index of Γ HESS = 4.1 ± 0.2 stat ± 0.2 sys , and a normalisation Φ HESS 0 = 3.1 ± 0.2 stat ± 0.9 sys × 10 −8 TeV −1 cm −2 s −1 at a reference energy E 0 = 25 GeV (see Table  1 and Fig. 4) . Using a log-parabola model in order to test for curvature in the spectrum only marginally improves the fit ( 1σ). The last significant bin, in the 92-110 GeV reconstructed energy range, exhibits an excess of 986 events at a significant level of 3.1 σ. The average true energy of events in this bin isĒ = 75 GeV with an RMS of 32 GeV, due to the migration of events from lower energy bins (given the large bias in the energy reconstruction, see Fig. 2 , right panel). Systematic errors on the spectral parameters were investigated by fitting data sets I and II independently, as well as other subdivisions of data. Further investigations included the use of an alternative atmospheric extinction model and different threshold and maximum energies for the fitting process. These studies have shown the best-fit values to remain stable at better than ±30% for the flux and ±0.2 for the spectral index. As compared to the vaues obtained for the Fermi-LAT above 10 GeV, results are in an excellent agreement for the spectral index, with a flux normalisation ratio of Φ HESS 0 /Φ LAT 0 = 0.76 ± 0.07 stat ± 0.22 sys (see Fig. 4 ), which is compatible with unity given the systematic uncertainties.
Conclusions
Using 40.3 h of observations with the H.E.S.S. II largest telescope, pulsed emission has been detected from the P2 peak of PSR B0833−45 at a significance greater than 15 σ. The very good agreement obtained between data and MCgenerated distributions has validated the very low-threshold analysis and the numerical response model of the CT5 = 0.76 ± 0.07 stat ± 0.22 sys is compatible with unity given the systematic uncertainties.
Pulsar measurements with Fermi-LAT have shown strong flux attenuation for almost all γ-ray pulsars at energies higher than a few GeV. The discovery of pulsed Very High Energy (VHE; 100 GeV) emission from the Crab pulsar, detected by the MAGIC and VERITAS collaborations [3, 1, 13, 2] up to energies of 400 GeV, and recently extended to 1.5 TeV [4] is an exceptional case within this context and strongly challenges the current pulsar emission models. In the case of the Vela pulsar, while the Fermi-LAT spectral analysis of P2 above 10 GeV, independent of the lowerenergy part, yields a 2.7σ preference for curvature, there is no significant indication for a deviation from the power law in the H.E.S.S. II data. However, given the current range of uncertainty (see Fig. 4 ), the spectrum remains consistent with both power-law and sub-exponential cutoff models. Deeper observations of PSR B0833−45 and other pulsars are needed to answer the important question of whether other pulsars might exhibit pulsed emission above 100 GeV.
